Abstract: When fuses are subjected to current pulses, cyclic stress is induced owing to temperature variations. Damage in the fuse elements is gradually accumulated and results in resistance increase. Consequently, current-time characteristics shift to effect early operation during the normal service period. Under such circumstances, proper protection required for other equipment will not be achieved. Reliability concerns for after sales service arise owing to these facts. The paper presents a method for predicting lifetimes of fuses for cyclic loading. The physical model is based on the description of elastic, plastic and creep deformation during a series of current pulses. In comparison with existing methods and IEC recommendations, it has the advantage of requiring a very limited number of tests. Results from the physical model can be used to evaluate practical fuse designs and provide advanced information for fuse replacements. The method has been demonstrated for commercial time-lag miniature fuses, lowvoltage fuses with M-effect, low-voltage fuses for semiconductor protection, and high-voltage fuses for motor protection.
Introduction
A fuse basically consists of a conducting element, end contacts and a body. The thin conductor es,tablishes a 'weak point' in an electric circuit. In the case of a short circuit an overcurrent occurs. Fuses melt with the increase of temperature owing to Joule heating; an electric arc is initiated and limits the fault current. It is obvious that fuses are designed to operate for emergency situations and not to operate at normad load.
Conventional ways to guarantee the quality of electric fuses are based on recommended standards, for example, IEC 127, IEC 269 and IEC 282 or other relevant publications. The longest test period is limited to several hundred hours, or no more than two thousand current pulses. If fuses pass the initial inspection and tests required in these standards, they are assumed to work forever. The deterioration of fuse performance is 0 IEE, 1997 IEE Proceedings online no. 19970861 Paper first received 13th May and in revised form 20th August 1996
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However, if one asks anyone in the street about fuse problems some will answer that fuses can blow without reason. Probably undesired fuse functioning was initiated because of repeated small overcurrenls in the past, which have nothing to do with the actual load leading to the final fuse operation. This phenomenon of fuse ageing is responsible for the initial reaction of most people after a fuse operation. People will immediately replace the fuse without even considering the possibility of a short circuit in the electrical connections! Practice has shown that in most cases these people were right: after the fuse replacement the washing machine or the television set can work again. However, we must conclude that in this way we educate the electricity customers to a dangerous habit. Imagine that the customer might also continuously switch installation circuit breakers after they have operated.
Apparently the original melting characteristic is not valid after some time with normal load. Because of this discrepancy in fuse functioning, two problems arise: lifetime and quality guarantee. What could be a solution for the after sales service? Is it possible to advance the existing quality guarantee concept for the period in practice?
This contribution proposes a method of determining fuse ageing for a specific load pattern and deciding on replacement periods for fuses. The paper concerns several types of load patterns: rectangular or half-sinusoidal current pulses; a train of low amplitude 50Hz current blocks. It is based on a wide study on fuse ageing [l] .
Theory: physical modelling
Previous studies show that deterioration of fuse behaviour may be caused by contact contamination, diffusion and oxidation of fuse elements and cyclic stress. In this contribution, it is supposed that the ageing of fuses is caused mainly by cyclic plastic or elastic stress of the fuse element or its connections (soldering or bonding). Also, for fuses where more metals are combined in one element, diffusion processes known as the M-effect can be expected. This diffusion process is compared to creep which is considered as plastic deformation.
As a consequence of Joule heating, fuse elements increase in temperature and expand. Stress in fuse elements is developed owing to mechanical constraints imposed to fuses by end contacts and arc-quenching media. Above a certain temperature, fuse elements begin to move. Only a part of the thermal strain contributes to mechanical strain resulting in stress. Based on the relationship between stress and strain, the number of current pulses which fuses withstand can be expected. To simplify the problem of lifetime prediction, the deformation induced in fuse elements may be classified as plastic or elastic deformation, and accordingly this mechanical strain is divided into elastic strain and plastic strain. If the duration of current pulses is short enough, and the temperature rise is not very high, elastic strain is dominant. Otherwise, plastic strain is dominant. in the following, with short pulses means on-times of about 10ms, while long pulses means ontimes above 10 seconds. Further details about the transition criterion are discussed later.
' il Plastic strain
In the case of plastic strain low cycle fatigue (number of cycles N less than about 10,000) may be assumed, independent of operating times. In this case the number of cycles N to failure is found from the Manson-Coffin law [2]:
where h~J 2 = plastic strain amplitude, Ef = fatigue ductility coefficient, N = number of current pulses to fuse operation, and c = fatigue ductility exponent, typically from -0.5 to -0.7. Related practical loading conditions are low electric current magnitudes and long on times (current pulse duration). This means cyclic stress with low amplitude but long on-times. For relatively low temperature rises a linear relation between the stress CT and the temperature rise T is assumed U X T (2) and the relationship
where I is the RMS current value during on-time, al is a constant typically from 2 to 3 depending on the heat transfer conditions. This approximation has been simulated and tested for different fuse designs [I] .
For low current but long on-times the plastic strain is assumed to be equal to the creep strain contributed by the steady-state creep rate. It follows that where t stands for on time. For each current pulse, the electric resistance increases at the beginning of the pulse and afterwards reaches a final value. During successive current pulses, measurements show that this final resistance value oscillates slightly [ 11 but increases gradually in general. This suggests an accumulation process of plastic deformation during cyclic loading. Based on these facts, the steady-state creep rate is related to stress and time according to where a2 is a well known constant in the power law creep, typically a2 = 4-5 for different metals and alloys. The parameter m depends on the material; it provides the possibility to include the sensitivity of the steadystate creep rate to time. The creep rate is rewritten as
is oc p i * a z t m Combining eqns. 1 to 6 leads to the relationship for the number of current pulses for fuses to blow
( 7 )
For a given time t, the lifetime N is a linear function of current I on a double logarithmic scale. From formerly mentioned values c = -0.5, al = 2-3 and a2 = 4-5, the exponent for current I is found to vary from -24 to -30 depending on fuse configuration. Because of limited knowledge at this moment, KO and the exponent for time t have to be determined from minimally two lifetime determinations. If the creep rate is not sensitive to time, the exponent of time t shows to be about -2. Also for normal AC operation, plastic strain can be expected to occur if the operation time is long enough.
Elastic strain
In the case of elastic strain, dominant for short-pulse (for instance below 10ms) behaviour, the number of cycles N to failure is found from [3] :
where A.ce/2 elastic strain amplitude, E = modulus of elasticity, 9 = fatigue stress coefficient, N = number of current pulses to fuse operation, and b = fatigue strength exponent typically from -0.06 to -0.12 for metals and alloys, see [3] . Thermal strain induced in the fuse element owing to a current pulse is given by a E t h = PT (9) where p is the temperature coefficient of thermal expansion and T is the temperature difference. Only a part of this thermal strain contributes to the actual mechanical (here elastic) strain A€., = y A E t h (10) For elements without constraints, y will be about zero. However, 0 < y < 1 can occur for constrained elements. Theoretically [l], the expression y 5 0.5 is valid for straight-wire elements in air. For corrugated elements, because of easy motion y decreases; for elements with sand support, y increases.
For short current pulses, for example about IOms, the temperature rise T can be approximated roughly as
where k is a weak function of 12t which can be found from thermal analysis. For 12t values less than about 60% of the melting Pt values, k is nearly a constant [l] .
Finally, the relation for the lifetime N is found to be y/3k12tE 2 c f N b (12) Following this relation, it is concluded that the lifetime N may be approximated as a linear function of Pt on a double logarithmic graph. The slope of this function (lib) varies typically from -8 to -20. This slope also has a tendency to increase with the melting temperature of elements. Further, the shift of current-time characteristics (I-t curve) is determined as a function of the number of current pulses.
Applications
According to the physical modelling from Section 2, theoretical lifetime predictions are performed by using eqns. 7 or 12. The results are compared with experimental lifetime determinations [4, 51 for a range of commercial fuse products.
* miniature fuse time-lag type (I, = SOOmA, U, = 220V and 12tmelt = 1.3A2s) [l] : in experiments with short pulses, on times varied from 6 to l0ms and off-times from 2 to 7s. For long pulses, on-times varied from 10s to 10 min. and off-times 1 to 5 min. Load situations were taken from IEC standard 644. This test sequence consists of 10s ontime for overload, followed by 10s off-time, 10s ontime again and 1 h for low current.
TTme-lag miniature fuses
For commercial time-lag miniature fuses (I, = 800mA, U, = 220V and Z2tmell = 1.3A2s) elements are made from silver-clad tin-zinc alloy wires. The element with wire diameter 0.103" is positioned inside a glass tube with diameter 5mm and length 20". Experimental results of lifetime N were obtained for both short current pulses (with on times of several milliseconds) and long current pulses (with on times from several seconds to one hour). sinusoidal waveforms. Lifetime distribution has been examined as most likely to follow the Weibull distribution, therefore it is possible to evaluate the failure percentages for specific load conditions. Fig. 1 shows a near-linear relation between lifetime N and f-t of a current pulse. During cyclic loading, the resistance of fuses changes and tends to increase. The energy dissipation or temperature rise for the same current pulse increases as a consequence of resistance change. This extra energy-dissipation effect also leads to a further reduction in lifetime. Generally speaking, this part of the energy is a fraction of the constant part contributed by original resistance. Measurements of resistance changes show a strong dependence of resistance increase on materials, typically 10% resistance increase as compared with the initial value can be expected at the end of lifetime for fuses under discussion. Although resistance may increase several times the initial value during each current pulse, for successive current pulses the energy keeps more or less the same however. This enables us to use 12t of a current pulse as a relative measure of rather than the energy dissipation Ji(t)'R(t)dt.
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The 'theoretical' line from eqn 7 is compared with measurements
Llfetime N of time lug mwmture fusesfor long current pulses Fig. 2 shows the theoretical curve from eqn. 7 compared with lifetimes experimentally observed in accessible laboratories for on-times from 10s to 10 min and off-times 1 to 5 min. Parameters needed for calculating lifetime N for long current pulses are al = 3, a, = 4.5, c = -0.5, m = -0.5
Long current pulses:
and KO = 3.6 x IOs. For the value of al with 2 < al c 3, al = 3 can be obtained [I] for the time-lag fuses under discussion. The value of a2 is given by 4 < a2 < 5 according to the power law creep [3], a trial value a2 = 4.5 is therefore suggested. The value of c = -0.5 is suggested following the Manson-Coffin law. However, for the determination of the material and design constants m and KO, no theoretical values can be given at the present. Therefore two experimental determinations of lifetimes were used. For DC of 1.52A and on-and offtimes of 1 min, a mean lifetime N = 80 was found; for on-and off-times of 5 min, a mean lifetime N = 20 was found. Substitution of these results into eqn. 7 delivers m = -0.5 and KO = 3.6 x IO8. Although the line in Fig. 2 in fact was constructed semi-empirically on the basis of two series of experimental points, all other experimental results show a remarkable agreement with this tendency. Fig. 2 demonstrates that lifetime N depends on both current I and time t; these two variables cannot be simply combined into an energy term. This reflects that not only successive current pulses but also the duration of a current pulse is of influence on the deformation. Probably one of the most important applications of our study is to make use of eqn. 7 to predict general fuse behaviour for cyclic loading on the basis of a limited number of lifetime observations. For instance, the particular cyclic loading test (with one hour on-time followed with 15 min off-time), together with endurance tests specified in IEC 127 could be extended for this purpose. However, exact procedures for such an extension should be a subject for international discussion.
Figs. 1 and 2 have obviously shown different ageing mechanisms. As a matter of fact, longitudinal cracks were found after fuses were imposed to long current pulses. Contrarily, the radial cracks were observed after fuses were submitted to short current pulses. Accordingly, the transition between these two principles rests on the duration of a current pulse. For these fuses this time criterion was found to be about 5s. For pure silver and copper elements longer times for the transition region may be expected.
Low-voltage power fuses (gL type)
Section 3.1 showed that fuse ageing for thermal mechanical reasons can be described rather satisfactorily by our model, the question arises whether ageing related with M-effect obeys the model. The M-effect, which represents the process of atomic diffusion between two materials, is widely used to obtain desired current-time characteristics. A related problem is to evaluate the influence of the M-effect material after fuses are used in service. Unfortunately this M-effect is also responsible for premature ageing because of repeated diffusion processes. Diffusion can be considered as a form of creep, so our model [I] should also be valid for the ageing behaviour related with M-effects. As an example, experimental results were collected from the work of Sletterink, Vlutters and v.d. Zwaag [4] , concerning a commercial low-voltage fuse gL type (In = 100A) with silver elements; M-spots were located 90 near the constrictions. Overload AC of 160 to 400A were applied with duration from 1 to 1000s as ontimes, while the off-times were long enough to cool down fuses. Their experimental results are presented in Fig. 3 with different marks for each overload current.
For theoretical calculations of lifetime N according to eqn. 7, the parameters a2 = 4.5, c = -0.5 as mentioned earlier. The parameters al, m and KO have to be determined empirically. For I = 300A the values N = 200 for f = 300s; and N = 1 for t = 12s were chosen; for I = 250A, N = 700 for t = 10s was chosen. As a result, al = 2.8, m = 1 and KO = 1.19 x were found. The general eqn. 7 for the lifetime N is presented in Fig. 4 as one single line with the dots representing the experimental results. Remarkably enough, several lines in Fig. 3 are represented by one single line again.
Fig.4 time determinutions for low-voltage power fmes type g L (I,, = 100 A )
Comparison of theoretical line fiom eqn. 7 with experimental lqe-
For calculations of lifetimes with eqn. 12, the following parameters for silver elements were used [3]: E = 71 x lo9 Pa, of = 130 x lo6 Pa and / 3 = 20 x 10-6m/mK. For many metals -0.12 < b < -0.06 is valid, thus the value of b = -0.06 was chosen. From three-dimensional transient simulations, both the temperature distribution in elements and the corresponding thermal strain were found [I] . From this analysis the factor k = 0.0116 can be derive:d for eqn. 12. For silver eleiments in sand, high-speed filming was used to determine the displacement of fuse elements. As a result, the value y = 0.88 was found for single notched elements and assumed to be the same also for the three element types A, C and D because their shapes were too complicated to perform film observations. Fig. 5 shows a comparison of a theoretical line according to eqn. 12 and the mean values of observations for current pulses with a duration of about 1Oms.
For real applications of semiconductor protection fuses, the duration of pulse current is often around 5s
(motor starting) or several minutes (traction), so one could argue about the relevance of eqn. 12 which is valid for elastic fracture. As mentioned in Section 3.1 for the time-lag fuses the time criterion for elastic and plastic dominant fracture is about 5s. Because the silver element without M-effect materials 'creeps slcwer than the element for time-lag fuses, the time limit for using eqn. 12 is expected to be larger than 5s. However, for the duration in range of several minutes, further examination is needed to consider the competition between creep and elastic fracture. If creep is of significance, of course eqn. 7 should be used.
High-voltage fuses for motor protection
To replace silver elements with copper elements in high-voltage fuses for motor protections, Ossowicki et al. performed tests for motor starting conditions related with high-voltage fuses (51. The fuses are rated at I, = 200A, U, = 7.2kV. Wave-shaped fuse elements were positioned with sand around. Because the test sequence was related to IEC 466 with on-times of 10s, it is not certain from our theory whether eqn. 7 for plastic fracture or eqn. 12 for elastic fracture is dominant. Fig. 6 shows a theoretical line according to eqn. 12 together with experimental results. Because all parameters of eqn. 12 were unknown, the value b = -0.06 as used for the previously discussed fuse elements was assumed for wave-shaped copper elements. In Fig. 6 this results in a line with a slope of -16. The melting 12t is taken from the I-t curve iin [5] to be 10,609A2s; for this 12t value N = 1 is assumed. Now enough parameters are available for constructing the theoretical line in Fig. 6 .
Proposals for extension to IEC tests i'n relation with reliability
Reliability of industrial products can be understood as the ability to maintain their initial quality. After the products are put in service their reliability will decrease, however. From the equations for fuse lifetimes presented for both plastic-and elastic-dominant regions it is possible to provide general expectations for the shifted I-t characteristic with the number of current pulses as a variable. To qualify low-voltage fuses and miniature fuses, several gates are defined in IlEC recommendations. Following these specifications (a band of current-time characteristics can be recognisled. Fig. 7 IEE ProcSci. Meas. Technol., Vol. 144 Because of the shift of current-time characteristics it is clear from Fig. 7 that the proper protection provided by new fuses may be not valid for fuses after use. The nature of the problem is the local or global increase of fuse resistance. This also means that it is not always possible to guarantee a protection level for fuses in applications for a required lifetime. However, this margin can be evaluated from the study, customers can examine whether the requirements can be fulfilled.
Further, as indicated in Fig. 7 , the current-time characteristics will shift to the left and downwards. Therefore if fuses are designed with a small current-time band near the upper position of gates, within a certain number of current pulses, current-time characteristics still stay inside the specified gates. Consequently the consumption of fuse lifetime begins only after this number of current pulses. It may be concluded that this concept has extended the fuse lifetime at the design stage of the products. In other words, the quality of fuses up to this point is maintained as compared with the IEC recommendations.
For example, in the existing standard IEC publication 127, pulse tests and endurance tests have been specified for small amounts of cyclic currents. A limited number (1000 pulses in IEC 127) of current pulses is applied to the fuse to examine the quality of fuses. This standard may be effective to remove the initial manufacturing failures of the products. Results from the tests cannot give an expectation as to how long fuses operate according to their characteristics.
For these reasons, it is recommended that fuse manufacturers should provide information of shift in current-time characteristics to avoid unexpected interruption owing to ageing. This requirement is still not yet mentioned in IEC publications for fuses. The following suggestions for lifetime expectations are made:
Fuses are tested at three values of low overcurrents with two specified on-times; the exponent of current I, constant KO and m can be determined.
For short current pulses, because the slope is approximately constant for different I% values of current pulses, two sets of lifetimes are enough to determine the parameter in the lifetime relation. After these parameters are available, predictions can be made within a certain accuracy for any current pulses with long off-times of about 10s for miniature fuses but probably much longer for semiconductor protection fuses. For short off-times, a reduction of material strength and a different creep rate should be considered for application of the proposed method. Eventually the effective current during a complete current cycle may be assumed and introduced as an additional variable to improve the accuracy. To guarantee after-sales service, statistical information based on observations can also be combined together with predictions from the model.
Concerning IEC 644, the momentary results can be considered as preliminary and more studies are needed.
Conclusions
